The aim of this paper is 2-fold. (1) To propose the use of a group of mathematical techniques, called clustering, in the elucidation of complex metabolic relationships. (2) To apply clustering for the identification of related groups of saturated fatty acids having a common metabolic pathway for their biosynthesis in the milk fat of lactating goats. In this way, four groups of branched-chain fatty acids and two groups of straight-chain fatty acids are identified; the odd-numbered iso-, the even-numbered iso-, the anteiso-acids and the branched-chain fatty acids with methyl substitution in the chain, the odd-numbered straight-chain and the even-numbered straight-chain fatty acids. The long-chain fatty acids are not part of any group. The different metabolic pathways for their biosynthesis are discussed. From the results, it is concluded that clustering is indeed a potentially useful tool in the study of complex metabolic relationships.
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The branched-chain fatty acids present in milk fat of lactating goats were identified and quantified (Massart-Leen et al., 1981) . To study the causes and the extent of the variation in the composition of those branched-chain fatty acids, milk samples from 10 goats were taken on three successive weeks and subjected to analysis. One of the principal objects of the present work was to investigate the relationships between the several fatty acids. We wanted to know which acids behave in the same way, for example, which are the acids of which the content increases or decreases together from one sample to another and, more fundamentally, which acids follow the same biosynthetic pathway. This is a fairly simple matter when there are only a few substances to be compared. One then plots the content in different samples of the substances two by two and calculates a correlation coefficient. If the correlation is significant, one concludes there is a relationship. However, in the problems investigated by us, one wants to study the relationships between 14 branched-chain fatty acids and the relationships of these acids with the straight-chain acids. Of course, a correlation coefficient matrix can be computed (Gray, 1973) , but it is quite another matter to t To whom reprint requests should be sent. Vol. 196 distinguish groups of related fatty acids in such a matrix. In the present paper, we report mathematical methods for carrying out such grouping or classification procedures and apply them to the study of branched-chain fatty acids.
A clustering procedure is used. Clustering has been applied in very diverse fields of science such as biological or microbiological taxonomy, the selection of analytical procedures, mathematical diagnosis of illness, geochemistry, the study of biological activity of drugs, phylogenetic studies of proteins etc., but not, as far as we know, in metabolic studies (Anderberg, 1973; Sneath & Sokal, 1973; Kowalski, 1975; Massart et al., 1978) . Because in our opinion clustering may be of general use in the study of complex metabolic relationships, it is discussed in some detail in the present paper.
Results
Application of the model to branched-chain fatty acids Data. The data consist of the percentage distribution of branched-chain fatty acids present in the milk fat of 10 goats (Massart-Leen et al., 1981 Fig. 1 , the standardized data (Table 2) for goats 9 and 10 are shown.
The points marked with numbers 1-14 are related to the branched-chain fatty acids summarized in Table  1 Table 1 ) form a cluster, because they all have very low contents in goat 9 compared with the mean for all the goats, and somewhat lower contents than the mean for goat 10. If all the goats are used, a ten-dimensional space results and formal procedures are necessary to discern the clusters. This is discussed further below.
Distance matrix. The clustering procedure is initiated by measuring the distance between all pairs of fatty acids. The smaller this distance, the more the behaviour of the acids is the same in the 10 goats investigated. The distances between acids 1 and 7, 1 and 6, 1 and 11, 6 and 7, 7 and 11 and 6 and 11 are much lower than, for instance, the distance between acids 3 and 8 (Fig. 1) . Therefore, one concludes that acids 1, 6, 7 and 11 behave in a more similar°1 and 10 (j = 9,10), as given in Table 2 , are shown.
The numbers in the Figure identify the branchedchain fatty acids as defined in Table 1. manner than acids 3 and 8. One can show that the distance (A) between acids 1 and 6 is given by:
A16=~/ (z 1. ,-z6,9 )2 + (z1, 10-z6. io)2
This distance is called the Euclidian distance. When all 10 goats are considered, i.e. in the 10-dimensional case, the distance is given by:
where Al k iS the distance between fatty acids i and k.
The division factor 10 is used, when some values are missing in the original data Table. If, for example, X7,4 was not determined, then all distances involving fatty acid 7 would have been measured for nine goats and A,7 would be computed by a summation of only nine terms and divided by 9. These distances are summarized in a distance matrix such as the one given in Table 2 . Standardized (z,.j) values ofthe data given in Table 1 .
The mean X, and standard deviation si of the data xi j (fatty acid i = 1,14; goat number j = 1,10) in Table 1 distances have the same behaviour. These results can be grouped by using the clustering technique. The clustering procedure. To understand the clustering procedure, we need to return to the two-dimensional case and suppose that the normalized results of Fig. 2 were obtained. Clearly, the behaviour of A, B, C and I, D, E and G, and H and F are similar. One therefore says that A, B, C and I 'form a cluster'. This is also the case for D, E and G and for H and F. On the other hand, 0 behaves in a special way and is called an 'outlier'. In fact, one has created three groups in this way. In the language of clustering, one says that three clusters have been 'created'. In operational-research language, one says that a p = 3 median has been computed. If 0 is also taken into account, a p = 4 median is obtained. One can extend this argument until each component forms its own cluster. When different compounds belong to the same cluster at different p values, one concludes that these compounds are highly related to each other. A cluster consisting of one point only, appearing at low p values, is considered to be an outlier. In a 10-dimensional space (and even in a realistic two-dimensional case such as in Fig. 1 ), it is of course not so easy to select these clusters and outliers. Therefore, a mathematical method is necessary. The one reported in the present paper was developed by Massart & Kaufman (1975) and is part of a family of methods called centroid clustering methods. The basis of the method used in this article is an operational-research problem, called the location problem.
How to carry out the computations in practice has been described previously (Massart & Kaufman, 1975; De Clercq et al., 1976 ). The clustering model can be put into practical use by a computer program termed MASLOC. Table 4 shows the clusters formed for p = 2-14. The numbers 1, 3, 6, 7 etc. refer to the fatty acids Table 4 . Sequence ofclusterformation ofthe branched-chain fatty acids present in the milkfat ofgoats The distance matrix of the 14 branched-chain fatty acids, presented in Table 3 , were partitioned into two to 14 clusters (p = 2-14) of fatty acids. The numbers refer to the fatty acids as identified in Table 1 . For instance, if 3 clusters (p = 3) are required, the best clusters consist of respectively acids 1, 3, 6, 7 and 11, acids 10, 5, 9 and 13 and acids 2, 4, 8, 12 and 14. The significance of the clusters is derived in a manner explained by Massart et al. (1980) . Clusters are indicated by parentheses. Significant clusters are italicized. Clusters p , '-2 (1, 3, 6, 3 (1, 3, 6, 4 (1, 3, 6, 5 (1, 3, 6, 6 (1, 3, 6, 7 (1, 3, 6, 8 (1, 3, 6, 9 (1, 6, 7, 10 (1, 6, 7, 11 summarized in Table 1 . The results of The same procedure was carried out on a second data set concerning the same branched fatty acids except fatty acids 4, 11 and 14, but containing also the data on straight-chain fatty acids. The following clusters were found: equivalent chain lengthsl0.00, 12.00 and 14.00, i.e. three straight-chain evennumbered fatty acids; equivalent chain lengths 11.00, 13.00 and 15.00, i.e. three straight-chain odd-numbered fatty acids; equivalent chain lengths 10. 40, 12.40, 14.31 and 14.40, i .e. four branchedchain fatty acids that are not part of the iso-or anteiso-group; equivalent chain lengths 14.71, and 16.70, i.e. the two anteiso-branched-chain fatty acids; equivalent chain lengths 14.55 and 16.55, i. e. the two odd-numbered iso-branched-chain fatty acids; equivalent chain lengths 16.00-and 17.00, i.e. two straight-chain fatty acids. Of these clusters, the first to fall apart is the one consisting of equivalent chain lengths 16.00 and 17.00. Outliers are of equivalent chain lengths 11.20, 13.55, 18.00 and 15.55 . Of these outliers those of equivalent chain lengths 11.20 and 15.55 were found to be outliers also in the clustering of branched-chain fatty acids, whereas the acid with equivalent chain length 13.55 is the only member of a cluster of two present in the first data set, which was included in the second data set.
Discussion
The clustering of the branched-chain fatty acids present in the milk fat of goats shows that these acids can be divided into several groups of related fatty acids. substitution in the chain as indicated by massspectrometric analysis (Massart-Leen et al., 1981) (i.e. not in the iso-or anteiso-location) (Table 1) . Since these acids form a cluster, it must be assumed that they follow a common metabolic pathway. It has; been proposed that they may be formed by the incorporation of methylmalonyl-CoA instead of malonyl-CoA in the chain-lengthening process of fatty acids synthesized with acetyl-CoA as the primer unit. (Cardinale et al., 1970) and adipose tissue of sheep (Scaiffe & Garton, 1975; Scaiffe et al., 1978) and ox (Wahle & Paterson, 1979) . The absence of all these branchedchain fatty -acids in the milk fat of cows, although they are all present in the milk fat of goats, confirms that-they have a common metabolic route (MassartLeen et al., 1981) . The observation of a cluster confirms this conclusion. Lennarz, 1961) . Only the fatty acid with equivalent chain length 15.55 (acid 10) was not included in the cluster to be expected from this reasoning. The anteiso-acids with equivalent chain lengths 14.71 (acid 9) and 16.70 (acid 13) form another small cluster. Both are anteiso-acids with an odd number of C atoms. It is predicted that isoleucine can form anteiso-acids by oxidative deamination and chain elongation. In summary, we conclude that, by using a clustering procedure, it is indeed possible to group branched-chain fatty acids having a common metabolic pathway for their biosynthesis. This is confirmed by the clustering of the second data set. Taking into account that three branched-chain fatty acids of the first data set were not included the same clusters regarding the branched-chain fatty acids were formed. Except for the cluster consisting of C16:0 and C17:0 acids, which is also the first to split up, and therefore not very significant, the odd-numbered fatty acids are separated from the even-numbered ones, as it should be, since the first have propionyl-CoA as their precursor and the others acetyl-CoA. It is noteworthy that C10:09 C 12:0 and C14:0 acids form a cluster separated from C16:0 and from C18:0 fatty acids. This agrees with the results of Gray (1973) .
Studying seasonal variations in the composition of New Zealand butter fat, we also noted similar behaviour for C10:09 C12.0 and C14 0 acids, different from C16 : and C18.0 acids. Both findings once more confirm the general concept, reviewed by Patton & Jensen (1976) , that the lower fatty acids (C4 0-C14:0) and long-chain fatty acids (Ci60r-Ci80) of the milk fat of ruminants are derived from a different source. In short, acetate and ,6-hydroxybutyrate supply carbon for the synthesis of the ruminant milk fatty acids C4:0-C14:0 (Popjak et al., 1951; McCarthy & Smith, 1972; Smith et al., 1974) . Palmitic acid is partly synthesized in this way, whereas the other part comes from blood lipid precursor. Stearic acid of the milk fat orginates completely from the bloodstream (Palmquist et al., 1969; Bickerstaffe & Annison, 1974; Glascock & Welch, 1974; Peeters et al., 1979) . Therefore clustering appears to be a promising new tool in the study of complex metabolic relationships and probably can be applied in other fields of biochemistry.
